Ge and GeSn are being explored as next-generation materials for both nanoelectronic and optoelectronic applications. Both materials have higher electron and hole mobilities than Si and offer the possibility of realizing high-performance metal-oxide-semiconductor field-effecttransistors compatible with Si.
1,2 Ge 1Àx Sn x with a bandgap lower than Ge extends the infrared detection capability of Ge covering all the relevant telecommunications wavelengths for x as low as 0.02. 3, 4 Besides, Ge 1Àx Sn x with x $ 0.10 is a potential direct bandgap material and could be the solution to the much sought after infrared interband laser based on group-IV materials. [5] [6] [7] The conventional method for dopant activation consists of room temperature (RT) implantation of dopants followed by rapid thermal annealing (RTA). Implanting a high dose at RT causes structural damage to the host crystal that leads to amorphization. High temperature annealing is needed to recover the crystallinity and to activate the carriers. This recrystallization is considered to be a major challenge in sub-20 nm Si fin field-effect-transistors (FinFETs). 8 Heated implantation leaves less residual structural damage compared to RT implantation, and prevents the formation of an amorphous layer. 9 It was reported that the Si crystal in sub-20 nm FinFETs was completely recovered using RTA following heated implantation. 10 The sheet resistance of heated implant was found to be consistently lower than those of RT implants. Also, heated implantation leads to perfect crystallization in ultra-thin Si channel after annealing.
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Information on microstructure as well as active carrier concentration N of implanted layers can be obtained using spectroscopic ellipsometry. The technique has been applied to study the optical properties of Ge and GeSn alloys. 6, 12, 13 The presence of active carriers modifies the dielectric function e of a material in the infrared region. The free carrier response can be described using a Drude oscillator from which resistivity q and carrier relaxation time s (or N and mobility l) are extracted. [14] [15] [16] Values of q for in situ doped Ge and GeSn obtained from ellipsometry are in excellent agreement with those obtained from electrical measurements. 17, 18 The visible-UV e of crystalline Ge and GeSn shows the critical points 12 
, and E 2 , which arise due to long range crystalline order. The critical points are not observed in an amorphous material.
Phosphorus ion implantation into Ge at 500 C was reported. 19 Sheet resistance was found to be lower in annealed Ge implanted at 500 C relative to RT implanted Ge. Heated implantation of phosphorus into GeSn has not been reported yet. Also, an optical study of phosphorus ion implantation into heated Ge is not available. In this letter, we report the optical properties of Ge and GeSn implanted with phosphorus at 400 C. Activation of implanted phosphorus and the preservation of crystalline structure have been confirmed by combining infrared ellipsometry with visible-UV spectroscopic ellipsometry.
Pseudomorphic Ge 1Àx Sn x alloys with x ¼ 0.02 and 0.06 and thicknesses between 160 and 200 nm were grown directly on Ge (100) substrates using molecular beam epitaxy. 13 Phosphorus was implanted into Ge substrate and GeSn alloys at 400 C. RT implantation of phosphorus into Ge and GeSn was also done for comparison. Implant energy was 10 keV or 20 keV at a constant dose of 2 Â 10 15 cm
À2
. Few samples implanted at 20 keV were annealed to enhance carrier activation. Fig. 1(a) shows phosphorus profiles obtained by secondary-ion-mass-spectroscopy (SIMS) for 10 keV as-implanted Ge and GeSn. Phosphorus profiles are very similar in both Ge and GeSn at either implantation temperature. We verified that the phosphorus profile in Ge simulated using the SRIM software package 20 Spectroscopic ellipsometry measurements were carried out using J. A. Woollam's infrared variable angle spectroscopic ellipsometer (IR-VASE) and a variable angle spectroscopic ellipsometer (VASE). The ellipsometric angles W and D were acquired at an angle of incidence of 65 from 0.05 to 0.65 eV and 1.3 to 4.7 eV on IR-VASE and VASE, respectively. The imaginary part of pseudo-dielectric function he 2 i for Ge and GeSn is shown in Fig. 2 . he 2 i shows enhanced absorption in the far-infrared for heated Ge and GeSn implants compared to RT implants. The principal distinguishing characteristic of heated implants with respect to RT implants in the visible-UV response is the observation of E 1 ,
, and E 2 indicating crystalline single-phase quality of the implanted layers. The preservation of crystalline structure leads to more channeling in heated implants, accounting for the broadening of phosphorus profiles observed in Fig. 1 . Visible-UV he 2 i for RT implanted samples shows the typical broad peak $3 eV and an additional peak below 2 eV. The peak at lower energy is related to the thickness of the amorphous layer.
To investigate in detail, the optical response of heated implants, we modeled GeSn samples with a four-layer system consisting of Ge substrate, pristine GeSn film, n-GeSn film, and a surface layer. 13 A three-layer system consisting of Ge substrate, n-Ge, and surface layer was used for Ge samples. The surface layer was modeled as a GeO 2 layer in the visible-UV range. 21 A rough layer was used in the infrared range where the oxide optical constants are not known. 18 The pre-implanted Ge substrate and GeSn films were characterized separately, and the dielectric function obtained was used in tabulated form in the model. The infrared dielectric function of heated Ge and GeSn was described using
where the parameters C, A pole , and E pole are defined in Ref.
18. The second term in Eq. (1) is the Drude oscillator. The third term accounts for the dispersion caused by absorption outside the measured spectral range. Since the carrier distribution in the implanted layers could be non-homogenous, [22] [23] [24] [25] [26] it is convenient to express Eq. (1) in terms of N and l to investigate the carrier profiles. We used q ¼
(1). m* is 0.14 m e and 0.12 m e for Ge and GeSn, respectively. 17 The data were first analyzed using the procedure described in Ref. 18 27 The fit to hei of heated Ge with various carrier profiles is shown in Fig. 3(a) . The inset in Fig. 3(a) indicates improvement achieved for the model with a non-uniform profile. N CE ðdÞ appears to be the best solution based on mean square error (MSE) although it is hard to distinguish between the two model fits with non-uniform profile. Fig. 3(b) shows the extracted carrier profiles. N G ðdÞ $ N CE ðdÞ as may be expected from the equivalence of their line-shapes. 22 The results for 10 keV heated Ge and GeSn are summarized in Table I . We are not able to obtain unique set of model parameters for as-implanted GeSn, which has thickness of underlying pristine GeSn layer as an additional fit parameter. However, unique carrier profiles can be extracted for annealed GeSn, where the experimental data are sensitive to all the parameters. Our systematic study of as-implanted, annealed, and in situ doped Ge samples indicates that active dose is the most robust parameter irrespective of the carrier profile used to describe the infrared response. We will use average N and l (or q and s) for a comparative study between Ge and GeSn. We obtained q ¼ 3.6 6 0.7 mX-cm and s ¼ 11 6 3 fs for 10 keV and 20 keV as-implanted Ge (N ¼ 1.
). q is $50% higher compared to bulk Ge resistivity 25 for 1.4 Â 10 19 cm À3 which could be attributed to the incomplete recovery of the Ge crystal. The thinner implanted layer may also contribute to higher q and lower s or lower l. 28 As-implanted GeSn gave higher q ¼ 11 6 1 mX-cm and lower s ¼ ) compared to Ge. It should be pointed out that q and s for GeSn heated implants match with those for the as-grown in situ doped n-type GeSn. 17 q and s of in situ doped GeSn films was improved further by annealing indicating that a further annealing step is necessary in our heated implants including Ge.
The UV-visible e of heated Ge and GeSn implants was analyzed using the procedure described in Ref. 13 with the starting thickness values in the fitting taken from infrared ellipsometry measurements. As suggested by he 2 i in Fig. 2 , the extracted UV-visible e of heated Ge and GeSn implants is very similar to e of bulk Ge and intrinsic GeSn alloys. We carried out a critical point analysis to investigate the effect of implantation temperature and doping on E 1 , E 1 þ D 1 , E 0 0 , and E 2. The derivatives of the experimental dielectric function were fitted using
½EÀE j þiC j 2 where A j , U j , E j , and C j are the amplitude, phase angle, transition energy, and broadening parameter, respectively. 6 The summation covers
, and E 2 . We followed the procedure in Ref. 6 for fitting the derivatives. Fig. 4 shows the derivative features corresponding to E 1 , E 1 þ D 1 , and E 2 in pristine and 400 C implanted Ge and GeSn. E 1 and E 1 þ D 1 in implanted GeSn appear to match pristine GeSn better than Ge indicating that 400 C might be closer to the optimal temperature for heated implantation in GeSn. Our results also suggest that implanted GeSn layer is of good crystalline quality. Fig. 5 (a) shows 2 MeV He þ Rutherford backscattering (RBS) random and aligned spectra for both 400 C implanted and pristine GeSn alloy. Implanted GeSn shows high degree of channeling comparable to the pristine sample indicating that the implanted layer is indeed monocrystalline. The crystal damage resulting from phosphorus implantation at 400 C appears to be annealed out. In addition, Fig. 5(a) indicates that the Sn profile in implanted sample is identical to the pristine GeSn alloy. The difference in broadening parameter, DC of heated implants for E 2 is 20 meV for Ge and 16 meV for GeSn with respect to the values in their pristine state. DC for the average of E 1 and E 1 þ D 1 relative to their pristine counterparts is 29 meV and 3 meV for Ge and GeSn, respectively. DC is smaller for the 400 C implanted GeSn compared to Ge, which is also consistent with the closeness of E 1 and E 1 þ D 1 derivatives in implanted and pristine GeSn compared to Ge. Besides doping, the incomplete recovery of the   FIG. 3 . Infrared real and imaginary parts of (a) experimental and modeled pseudo-dielectric function for 10 keV implanted Ge at 400 C and (b) Carrier concentration and mobility profiles for 10 keV as-implanted Ge at 400 C. crystal could also contribute to the broadening parameter in implanted layers. In heavily doped bulk Ge, 29 N of 5 Â 10 18 cm À3 and 1.4 Â 10 19 cm À3 enlarges the broadening parameter by $5 meV and $10 meV, respectively, relative to pure Ge. Doping in implanted Ge could account for half of the observed broadening shift for the average of E 1 and E 1 þ D 1 whereas the rest may be attributed to incomplete recovery of Ge to its pristine state. Heated implantation at 400
C in GeSn appears to recover crystallinity more effectively compared to Ge for the implantation dose used in our experiments. This is analogous to heated implantation at higher temperature that is needed in Si to maintain crystallinity compared to Ge. 9 The 20 keV as-implanted Ge and GeSn show a red-shift in E 1 , E 1 þ D 1, and E 2 energies as observed in heavily doped bulk Ge 29 with respect to pure Ge. However, a small blue-shift in E 1 , E 1 þ D 1, and E 2 is observed in both 10 keV implanted Ge and GeSn. These results for 10 keV implanted samples appear to follow the trend found in heavily doped and strongly compensated Ge films. 30 A blue-shift was reported for E 0 and E 1 with respect to intrinsic Ge. A detailed investigation may be needed to understand the trends in the energy shifts found in our implanted samples. Fig. 5(b) shows q as a function of N for 20 keV implanted Ge and GeSn. q for both as-implanted Ge and GeSn at 400 C is closer to in situ doped as-grown GeSn than bulk Ge. The implanted layers were annealed at 450 C for duration of 180 s. Lower q and higher N relative to heated implants was achieved by RTA of implanted layers formed by RT implantation. Further, optimization is needed to achieve high carrier activation in heated implantation. Upon annealing, heated Ge and GeSn implants give bulk Ge-like q and N which are very close to the annealed RT implants. This is despite the fact that heated implants have active carriers prior to annealing compared to RT implants. However, heated implantation does preserve crystallinity in the implanted layer which is found to be critical in ultra-thin Si channel and sub-20 nm FinFETs where the lack of sufficient crystalline seed leads to incomplete recovery of crystal damage.
In conclusion, we studied the optical response of phosphorus implanted Ge and GeSn alloys using spectroscopic ellipsometry. The dielectric function of implanted GeSn obtained from far-infrared to ultraviolet displays characteristics similar to implanted Ge. Heated implantation leads to a crystalline film and also results in activation of carriers. However, an annealing step is needed to improve q and N. The results and analysis suggest that the optimum implantation temperature for GeSn may be close to 400 C but further optimization may be needed to maximize carrier activation in GeSn. C implanted Ge and GeSn.
